Different strains and isogenic variants of Neisseria gonorrhoeae were assayed for their ability to bind glycolipids extracted from various sources. Among a large number of reference glycolipids, binding was observed only to lactosylceramide [Gal( 1-4)Glc(.81-1)Cer], isoglobotriaosylceramide Gal(pl4)Glc(,l-l)Cer], gangliotriaosylceramide [GalNAc(fi14)Gal(pl4)Glc(f31-1)Cer], and gangliotetraosylceramide [Gal(,GalNAc(fBl4)Gal(fi1-4)Glc-(.B1-l)CerJ. The latter two glycolipids bound gonococci with the highest affinity. Lactosylceramide and gangliotriaosylceramide were found in glycolipid preparations from ME180 cells, an epithelial cell line derived from a human cervical carcinoma, and thus are possible receptors for gonococci. The gonococcal surface component that bound the above glycolipids is a protein distinct from pilin and protein II.
The attachment of a pathogen to host tissues is an important step in the initiation of an infection. An increasing number of studies indicate the importance of animal cell surface carbohydrates as attachment sites for microbial ligands (1, 2) . Many of these are present as glycolipids. There is evidence that eukaryotic cell receptors for Neisseria gonorrhoeae (the gonococcus) contain sugar residues (1) (2) (3) (4) (5) . However, no specific receptor structure has been identified, in part because of methodological difficulties (6) . Piliated strains of gonococci attach to epithelial cells more readily than their nonpiliated counterparts, and binding of the gonococcus to human epithelial cells is thought to be mediated by pilin (7), the major subunit of the pilus fiber. In addition, other bacterial surface components are thought to be adhesins (6, 8) .
We have used a recently developed binding assay to examine in detail gonococcal-host cell interactions. Glycosphingolipids were separated on thin-layer chromatograms (9, 10) , and radiolabeled gonococci were incubated with the chromatograms to detect specific bacterial binding. Using this binding assay, we have defined epithelial cell glycolipids recognized by various clinical isolates of N. gonorrhoeae. Experiments using isogenic strains of N. gonorrhoeae MS11 that differ only in their state of piliation indicate that the bacterial adhesin recognizing these glycolipids is neither pilin nor protein II (PII).
MATERIALS AND METHODS
Bacterial Strains and Radiolabeling. Piliated (P +) and nonpiliated (P-) variants of N. gonorrhoeae strains MS11 (11) , ML1 , and LP1 (12) have been described. In the B2 deletion variant of MS11, both pilin expression sites lack the structural gene and promoter sequences (11 Table  1 ) were isolated by DEAE-Sepharose chromatography (17), followed by chromatography on Iatrobead (6RS-8060, latron Laboratories, Tokyo) columns using chloroform/methanol/5 M NH3 in water (17) as eluant. Most of the individual nonacid glycolipids were prepared as acetylated derivatives (14) by Iatrobead column chromatography using chloroform/methanol (14) gradients and, after deacetylation (14) , using chloroform/methanol/water gradients (14) . Glycolipid 8 in Table 1 was obtained by degradation of 180 mg of glycolipid 18 in 30 ml of 0.1 M HCO at 1000C for 60 min, followed by Iatrobead column chromatography. Glycolipid 12 was obtainedfrom'Fuc(al-2)Gal(l31-4)GlcNAc(p81-3)Gal(f31-4)Glc-(,81-1)Cer (Cer = ceramide) of dog small intestine (18) by hydrolysis with bovine kidney a-fucosidase (Boehringer Mannheim) in which repeated additions of enzyme (1.5 units total) were made for 24 hr at 37°C to 4 ml of 0.1 M acetate buffer (pH 4.5) containing 10 mg of taurodeoxycholate. The structures of the isolated glycolipids were confirmed by mass spectrometry (sequence) and NMR spectroscopy (anomery) after derivatization, and by gas chromatography following degradation (18, 19) . The total nonacid glycolipids of ME180 cells (20) were prepared as described elsewhere (14) .
Binding Assays. The chromatogram overlay assay was performed as described earlier (9, 10 $To whom reprint requests should be addressed.
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was then overlaid for 2 hr with labeled gonococci (2 ml of 107 cpm/ml; 108 cells per ml), washed five times with phosphatebuffered saline, dried, and autoradiographed on XAR-5 x-ray film (Eastman).
To establish binding curves, serial dilutions of glycolipids in methanol (50 puI) were dried overnight in microtiter wells (10) . After binding sites were blocked with 2% bovine serum albumin in phosphate-buffered saline, the wells were incubated with labeled gonococci for 4 hr (50 IAl per well; 2.5 x 106 cpm; _107 cells). After five washes with phosphatebuffered saline, the wells were dried, cut out, and measured for radioactivity in a scintillation counter. Curves were approximated from triplicate determinations (<10%o SD).
RESULTS AND DISCUSSION
Total acid and nonacid glycolipids, obtained from the sources listed in Table 1 , were chromatographed on thin-layer plates and fixed. Fig. la shows three lanes of one such chromatogram after spray detection with anisaldehyde. Fig. lb shows an autradiogram of an identical plate after it was incubated with metabolically labeled N. gonorrhoeae MSl1A (P+). A pattern identical to that in Fig. lb recognized being Gal(al-4)Gal (26) . Table 1 summarizes the results of our binding studies.
The relative affinity of binding of gonococci to the glycolipids was next examined. Microtiter wells were coated with dilutions of each glycolipid and labeled MS11A (P1) were incubated in these wells. Fig. 2 shows that the bacteria bound best to the three-and four-sugar glycolipids (gangliotriaosylceramide, no. 8; and gangliotetraosylceramide, no. 9), with half-maximal binding occuring at a glycolipid concentration of c100 ng per well. In this assay, lactosylceramide was bound poorly. The extension of lactosylceramide with GalNAc(j31-4) (no. 8) increased the binding affinity, in contrast to an extension with Gal(al-3) (no. 6). Identical binding affinities were observed when the experiment was repeated with labeled MS11 B2 (P-) cells (data not shown). The relative affinities of gonococcal-receptor binding are analogous to those obtained for receptor binding by the Pap adhesin of uropathogenic E. coli. In the latter case, the E. coli bound with higher affinity to a glycolipid with a GalNAc(/31-3) extension to Gal(al-4), than to one with Gal(al-4) alone (26) .
Gonococci failed to bind to most of the other lactosecontaining glycolipids (Table 1 ). This may be due to steric hindrance from additional sugars, which prevents the adhesin from recognizing or having access to the binding epitope on the glycolipid (27, 28) . This has been analyzed by molecular modeling methods (28) . There is in addition a peculiar dependence on the ceramide structure for binding (Table 1; data not shown). At the two-sugar level (free lactosylceramide), only species with hydroxy fatty acid and/or trihydroxy base (di-or trihydroxylated ceramide) were recognized, while species with nonhydroxy fatty acid and dihydroxy base (monohydroxylated ceramide) were not ( This interesting relation to the neighboring groups (ceramide or sugar) may be a different presentation of the actual lactose epitope at the assay surface and probably in the membrane. One may note that the more hydroxylated ceramide is typical of epithelial cells and appears to be absent from cells of other type (29) . Of relevance are earlier conformation analyses of two monoglycosylceramides: x-ray crystallography revealed a shovel-like bend and the glycosidic oxygen in the case of a species with 2-hydroxy fatty acid (30) , while NMR data suggested a "straight" conformation for a species with nonhydroxy fatty acid (31) . Finally, gonococci did not bind brain gangliosides (Table 1 , nos. 18 and 19) in our thin-layer assay, in contrast to previous reports based on other methods (ref.
3; see also the discussion in ref. 6 ). Attempts to inhibit gonococcal binding to gangliotetraosylceramide (Table 1 , no. 9) in the microtiter well assay with free lactose or multivalent lactose covalently coupled to bovine serum albumin (Swedish Sugar, Arlov, Sweden) were unsuccessful. This may be explained by a low affinity of gonococci for the lactose epitope and/or a need for proper presentation of the lactose epitope before binding can occur. In comparison, the binding of uropathogenic E. coli to Gal(al-4)Gal can be inhibited by free receptor oligosaccharide (32) . However, it must be noted that the half-maximal binding to receptor glycolipids in microtiter wells is 10-to 100-fold lower for these E. coli than for gonococci (ref. 26 ; unpublished results), suggesting a higher affinity interaction in the case of E. coli binding.
Hemagglutination has been used as an assay for bacteriareceptor interactions (32) because of its relative ease and because it affords an examination of such interactions under more natural conditions. We next studied the ability of gonococci to hemagglutinate erythrocytes coated with the proper glycolipid. Guinea pig erythrocytes coated with gangliotetraosylceramide (Table 1 , no. 9) induced hemagglutination (Table 2 ). In contrast, gonococci did not hemagglutinate uncoated erythrocytes or those coated with globoside. In addition, uropathogenic E. coli J96 did not hemagglutinate gangliotetraosylceramide-coated erythrocytes, although they did hemagglutinate erythrocytes coated with globoside, its receptor. These data support our previous observations on the specific binding ofgonococci to gangliotetraosylceramide in vitro.
We also examined the presence of the relevant glycolipids on human epithelial cells. Total nonacid glycolipids were prepared from ME180 cells (a human epithelial cell line derived from a cervical carcinoma), separated on thin-layer plates, and assayed for the ability of MS11A (P+) and MS11B2 (P-) variants to bind. Both variants exhibited the same binding pattern (Fig. lc) . In these experiments gonococci bound two structures corresponding in mobility to diand triglycosylceramide. These are likely lactosylceramide (Table 1 , no. 4) and gangliotriaosylceramide (no. 8), since the other three-sugar binder, isoglobotriaosylceramide (no. 6), is not known to exist in human tissues. Thus, the putative receptor glycolipids defined by the thin-layer assay are present in relevant host cells.
The molecular nature of the gonococcal surface component(s) responsible for binding the above glycolipids was initially examined by using isogenic variants of strain MS11 (11, 12) . The P+ and P-variants bound the same carbohydrate structures (Table 1) with the same affinity (Fig. 2) , suggesting that the bacterial surface ligand(s) interacting with the glycolipids is not pilin, the major subunit ofthe pilus. This adhesin is a protein, as gentle proteinase K treatment of MS11A (P+) abolished the ability of these cells to bind glycolipids in the thin-layer assay. P11-variants of strain FA1090 and MS11 exhibited the same glycolipid binding pattern ( Table 3 ), indicating that the bacterial adhesin is not P11. Furthermore, this adhesin is most probably not encoded by the cryptic plasmid because a cryptic plasmid-free strain tested positive in our assay.
CONCLUSIONS
This study identifies a specific glycolipid-binding property of N. gonorrhoeae that may be involved in the attachment of this pathogen to host epithelial cells. Binding is mediated by a gonococcal surface protein distinct from pilin and P11. Our findings are consistent with the notion that in bacterial pilus systems, notably pap (13, 33) and type 1 of E. coli (34, 35) , specificity ofreceptor binding is determined by minor surface proteins and not by the major pilin subunit. Recently, the Pap adhesin has been shown to be associated with the pilus structure (36) .
Studies demonstrate that piliated gonococci are more virulent (6) and attach more readily to epithelial cells (6) than do their nonpiliated counterparts. Our in vitro system used to detect carbohydrate receptors, although no less valid, is devoid of other factors that would affect binding of bacteria to a topologically complex cell surface in a more natural setting. The gonococcal pilus structure is clearly important to the in vivo attachment process and, in this regard, is similar to the binding requirements of the E. coli type 1 system (34, 35) . Adhesion studies with pilin as well as adhesin mutants and synthetic receptor analogues may elucidate the exact nature of gonococcal interactions with eucaryotic carbohydrate receptors in vivo.
